The African perennial C4 grass Hyparrhenia rufa (T+kes) Stapf has successfully invaded the lowland non-flooded savannas of Venezuela except in isolated sites with a shallow lithoplinthic hardpan. To study the mechanism of thii invasion process, an experiment was designed to determine the effect of soil fertility and depth of the lithophnthic hardpan on growth, biomass, and nutrient allocation of Ii. rufa. The main treatments were fertilization with nitrogen, phosphorus and potassium and mechanical disruption of the lithoplmthic horizon prior to seeding with El. rufa at the beginning of the rainy season.
Abstract
The African perennial C4 grass Hyparrhenia rufa (T+kes) Stapf has successfully invaded the lowland non-flooded savannas of Venezuela except in isolated sites with a shallow lithoplinthic hardpan. To study the mechanism of thii invasion process, an experiment was designed to determine the effect of soil fertility and depth of the lithophnthic hardpan on growth, biomass, and nutrient allocation of Ii. rufa. The main treatments were fertilization with nitrogen, phosphorus and potassium and mechanical disruption of the lithoplmthic horizon prior to seeding with El. rufa at the beginning of the rainy season.
Soil fertility rather than soil depth is the predominant abiotic variable regulating the invasion and growth of H. rufa in savanna sites with a shallow lithoplinthic horizon. H. rufa exhibited flexibility in phenology, morphology, productivity and biomass allocation patterns in response to nutrient availability. These responses are typical of successful invader plants. Fertilization signifkantly increased plant growth through increased tillering and leaf pro duction. Fertilization increased total and organ biomass byl,OOO% and the highest proportion was allocated to reproductive tillers. In unfertilized plants, live leaves comprised the highest fraction (-40%) of total biomass whereas the root/shoot ratio was about 0.3 in all treatments. N concentration was -50% higher in roots and rhizomes than in other organs at the beghming of the dry season and under all treatments. Live leaves of unfertilii plants had higher N concentration than leaves of fertilized plants. Phosphorus and K concentrations were simii among vegetative organs but -400% greater in reproductive tillers of fertilized plants. Fertilized plants had the greatest total content of mineral nutrients due to increased biomass production.
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The lowland savannas of Venezuela have been used extensively for cattle grazing in spite of their low primary productivity, which is attributed to low soil fertility, seasonal drought and fire (Sarmiento 1984 , Frost et al. 1986 ). Several African grasses, such as Hyparrhenia rufa (Nees) Stapf, have been introduced into Venezuela to improve forage quality. This species has spread
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aggressively and has displaced native plants from the most fertile habitats of the savanna (Parsons 1972, Baruch, and Femandez 1993) .
Hyparrhenia rufa is a tufted, perennial, Cd grass which has higher productivity and marginally better nutritive quality than most native grasses. It is also considered to be fire and drought tolerant (Daubenmire 1972 , Parsons 1972 , Bogdan 1977 . Its annual growth cycle starts with rains in May and peak biomass is attained by August-September. Flowering occurs during the short days of November-December and its aboveground live biomass decreases to a minimum during the dry season The superior competitive ability of H. rufa, as compared to native species, has been attributed to its greater: (a) net photosynthetic rate (Baruch et al. 1985) ; (b) higher water and nutrient use efficiency (Bilbao and Medina 1990 , Baruch and Fernandez 1993 , Baruch and Gdmez 1996 ; (c) proportion of assimilates allocated to leaves (Baruch et al. 1989, Simoes and Baruch 1991) ; (d) tolerance to defoliation (Simoes and Baruch 1991) and (e) germination potential (Z. Baruch, unpublished results). The invasion of H. rufa has not occurred uniformly within the savanna. H. rufa is absent in sites with a surface lithoplinthic horizon although it may dominate deeper soils nearby. The former soils (called "arrecife" or "ripio" in Venezuela) are the least productive of the Venezuelan savannas due to very low fertility and restricted root penetration (Garcia-Miragaya and Caceres 1990) . The objective of this study, which was part of a program to understand the success of African grasses in Neotropical savannas, was to investigate the effects of soil fertility and impedance to root penetration on the invasion and growth of H. rufa.
Materials and Methods
Field work was done at the Estacion Biologica de 10s Llanos (8" 53' N and 67" 19' W, 80 m above sea level) 10 km south of Calabozo (Gu&ico State, Venezuela), on an area that had heen protected from fire and grazing for the last 30 years. The climate is warm throughout the year (mean = 27.6"C) and rainfall is strongly seasonal from May to November (annual mean = 1,300 mm). Soils of the study site originated from alluvial sediments ranging from clays to sands to cemented iron oxides. The latter constitute a reddish lithoplinthic hardpan at variable depths that is typical of the non-flooded savannas (Lopez et al. 1971) . In general, the soils are acidic, their nutrient and organic matter contents are low, and they are high in exchangeable aluminum (GarciaMiragaya and Caceres 1990, Medina 1982 1969 (San Jose and Fariiias 1991 and the native vegetation was displaced by a homogeneous cover of the alien grass (Baruch and Femandez 1993) . However, where the lithoplinthic horizon is near the surface, a sparse native community (-35% cover) dominated by Trachypogon plumosus and Bulbostylis sp. persists and H. n&a is absent.
Five sites with a surface lithoplinthic horizon (Rl-R5) were selected for the experiment. One additional site with lithoplinthic horizon at least 30 cm deep and 100% covered by H. rufa (SH) was also sampled for comparison. Soil samples were taken from each site to analyze for bulk density, the soil fraction > 2 mm in diameter and soil texture (Cox 1976) . The available elements were extracted with the North Carolina solution (Murphy and Riley 1963) ; P was determined by the molybdic-blue method (Murphy and Riley 1963) , and the cations by flame spectrophotometry. Total soil N was extracted by digestion with concentrated H.$04 and 30% H,O,, and determined by titration with O.OlN HCl (Jackson 1982) . Organic matter was determined by the Walkley-Black method and pH was measured in water with a 25 soil:water ratio (Jackson 1982) .
At each R site, four 2m x 2m plots, separated by 50 cm wide buffers, were established and all plants were manually removed. One of the following treatments was applied to each plot: (i) surface fertilization with 70 kg. ha-' each of N as urea, P as triple superphosphate and K as KC1 (treatment F); (ii) mechanical rupture of the lithoplinthic horizon with a pickaxe to a depth of 20 cm, and removal of pebbles > 5 cm in diameter which increased the effective soil depth (treatment D); (iii) fertilization + mechanical mpture (treatments D + F) and (iv) control, where only the plants were removed (treatment C). Assignment of the treatments to the plots of each site (block), was at random, resulting in a randomized complete block design. In addition, two 2 m x 2 m plots were established in the SH site where only the dense cover of H. rufa was removed.
On 29 June 1991,250 g of commercial H. rufa seeds were surface applied to each plot. Germination occurred 1 week later and by 30 July, all except 7 seedlings (which was the lowest number of surviving seedlings) per plot were manually removed. Sampling started on 12 August. The first 3 samplings were 2 weeks apart, the next 4 were 3 weeks apart, and the last 2 samplings were 4 weeks apart. At each sampling, total number of leaves (live and dead) and culms or tillers on each plant were counted and invading plants were removed. On 9 January 1992, after the plants had reached their maximum seasonal growth, plots of sites Rl, R2 and R3 and one of the SH plots were harvested. The remaining plots were harvested 1 weeks later due to logistic limitations. Each of the 7 plants in the plots was sampled. Belowground biomass was collected by excavating 15-cm deep and lo-cm in diameter around the base of the plant. This sampling probably recovered only part of the root systems. The plants were taken to the laboratory, separated into: (i) live leaves; (ii) dead leaves; (iii) culms; (iv) belowground organs (roots and rhizomes), and (v) reproductive organs (racemes). All parts were ovendried at 75°C and weighed. The organs of the plants from each plot were thoroughly mixed and ground through a 60-mesh sieve for N, P, and K determinations as described above. Soil samples were taken again for N, P, and K determination as described. Data were subjected to a two-way ANOVA and means were separated by the multiple rank Duncan test where appropriate (Sokal and Rohlf 1968) . Statistical significance was assumed when ~0.05. Soil and plant results from the 2 SH plots could not be statistically evaluated and are included and discussed for comparative purposes only.
Results
During the year of the experiment, rainfall was greater than the average for the previous 20 years (1,440 mm vs. 1,300 mm) and 89% of it fell between May and December. Pan evaporation was more than 100% greater than rainfall (2,994 mm) and annual mean air temperature was 27.9"C (Ministerio de1 Ambiente, Venezuela). Before fertilization, soil P, K, Mg, organic matter and pH were similar in the experimental sites (R145) and in the site dominated by H. rufa (SH). However, N and Ca were higher in the SH site (Table 1 ). The soils were sandy and the pH was acidic in all sites, but the soil fraction > 2 mm in diameter and soil bulk density were greater in the R sites (Table 1) . Soil analyses after harvest showed that fertilization had increased P and K significantly (by 466% and 139%, respectively) but total N was not affected and remained around 2 mg g-'.
The number of live leaves increased exponentially in the first 3 samplings of the fertilized R plots, whereas in the unfertilized treatments the increase was much slower. The plants from the SH site showed an intermediate behavior (Fig. 1) . Tiller numbers were significantly higher in fertilized plants ( Table 2 ). The difference in growth among treatments caused a difference in pheno- logical development: leaf and tiller numbers peaked 3045 days earlier in the fertilized plants (Fig. 1) . However, leaf death occurred simultaneously in all treatments and the SH site at the beginning of the dry season (January 1992). Neither plant biomass nor nutrient concentration differed significantly between the 2 harvests, thus the data were pooled for statistical analysis. Fertilization was the only statistically signifi- cant effect. Total plant and organ biomass were consistently and significantly higher in fertilization treatments ( Table 2 ). The plants from the SH site generally had intermediate biomass which was closer to that of fertilized plants ( Table 2 ). The highest proportion of total biomass was represented by live leaves in unfertilized plants and by roots and rhizomes in fertilized plants ( cantly higher in fertilized plants (Fig. 2) . These allocation patterns resulted in a root/shoot ratio which was similar in all treatments flable 2). Among vegetative tissues, N concentration was significantly higher in underground organs in all treatments. Dead leaves had -40% less N than live leaves except in plants from the SH site (Fig. 3) . Vegetative organs of unfertilized plants had higher N concentrations than those of fertilized plants (Fig. 3) . Total N content per plant organ was similar to biomass pattern, i. e. highest in the fertilization treatments, lowest in unfertilized plants and intermediate in SH plants. Phosphorus was more evenly distributed among vegetative organs than N in all treatments and SH. However, reproductive organs of both fertilized treatments had 100% greater P concentrations than vegetative organs (Fig. 4) . In contrast to N, the P present in live leaves remained there until they senesced. Total P content per plant had the same pattern as N. Potassium concentration ranged from 5 to 10 mg g-' in all organs and treatments except in reproductive organs of fertilized plants where the concentration was -500 % higher (data not shown).
Discussion
The results show that growth and biomass production of H. rufu were more related to nutrient availability than to effective soil depth of the lithoplinthic soils typical of the well-drained savannas of Venezuela. Although only soil N and Ca concentrations were higher in the SH site, its lower bulk density and greater depth probably allowed the roots of H. mfu to exploit a larger volume of soil than in the R sites. Also, in the R sites, a high proportion of soil particles (-70%) was > 2 mm in diameter which was not analyzed for nutrient content. This fraction, composed of quartz pebbles and the lithoplinthic hardpan rich in iron oxides, has an extremely low nutrient concentration (GarciaMiragaya and CBceres 1990). Therefore, the difference in total nutrient availability between R and SH soils would be greater than our data on concentration suggest. This greater nutrient availability in the deeper SH soils apparently favors the invasion and growth of H. rufa. Added nutrients had contrasting behavior, P and K remained in the soil longer than N which probably was either leached or absorbed by plants.
Hyparrhenia rufa in fertilized plots grew larger and produced more leaves and culms than those in unfertilized plots due probably by increased carbon assimilation as found by Coughenour et al. (1985) in Hypurrheniafilipendulu.
Also, leaf and culm production was accelerated by fertilization. This faster vegetative growth probably aided sexual reproduction as fertilized plants flowered earlier and produced more reproductive biomass than unfertilized plants. This might have been largely due to P availability. High biomass accumulation, as found in fertilized H. rufu is typical of fast-growing species in fertile environments (Chapin 1980) and of invader plants (Bazzaz 1986 ). In contrast, native savanna grass production responds less to fertilization, whereas N and P concentrations in their live biomass increase (Medina et al. 1977, Bilbao and Medina 1990) .
At harvest, the highest fraction of total biomass of unfertilized plants was live leaves, which suggests a delay in their annual growth cycle and reproduction or that soil P levels were inadequate for reproduction. The root/shoot ratio was similar in all treatments indicating a high degree of rigidity in biomass allocation. This result should be interpreted with caution due to possible incomplete recovery of root biomass. Although nutrient availability regulated the growth of H. rufu, its effect was probably modulated by water availability. This was evidenced by leaf mortality which occurred synchronously in all treatments and in the SH site at the beginning of the dry season. Early leaf senescence is an important drought-evasion strategy in H. nrfa (Baruch and Femandez 1993) . Fertilization increased total nutrient content per organ due to increased biomass but nutrient concentration was more affected by internal allocation. Nitrogen concentration, was highest in the roots and rhizomes of all treatments and SH, suggesting that they were the main N sink during the dry season and an important N source for the next growing season (Tergas and Blue 1971 , Chapin 1988 , Chapin et al. 1990 . The low N concentration in dead leaves suggested that downward translocation of N from senescing leaves to roots and rhizomes took place. However, low N concentration in dead leaves of SH plants was not evident. The seasonal translocation has been reported in H. rufa and other tropical (Sarmiento 1992, Baruch and Gdmez 1996) and temperate (He&&horn and De Lucia 1994) grasses. The higher leaf N concentration in unfertilized as compared to fertilized plants could be caused by 3 mechanisms whose relative importance is difficult to distinguish: (i) Fertilization increased leaf biomass in H. rufa thus diluting N concentration (Medina et al. 1977 , Chapin 1980 ; (ii) In unfertilized plants leaf N was not involved in growth due to P shortage (Bilbao and Medina 1990) and (iii) As discussed above, unfertilized plants were still vegetative and N translocation to roots and to reproductive organs was delayed. The low N concentration in SH plants as compared to unfertilized plants in R sites was probably caused by dilution of tissue N in the former due to its faster biomass production.
The uniform distribution of P among vegetative organs of the plants in all treatments contrasts to that of N and indicates the lack of preferential accumulation and partitioning of this element as postulated by Medina (1993) . This is interesting, particularly in unfertilized plants, since the existence of a strategy that permits the economy of P should have been selected for in tropical savannas where P is strongly limiting (Medina et al. 1977 , Medma 1982 , 1993 . The contrasting behavior of N and P could be clarified considering that H. rufa evolved in African savannas (Clayton 1969; Bogdan 1977) on soils where P is less limiting than N (Anderson and Talbot 1965, Medina 1993) . On the other hand, the high P concentration in reproductive organs of fertilized plants is prominent and probably contributes, through increased reserves, to faster seedling growth after germination.
The results of this study indicate that H. rufa can establish on sites with shallow lithoplinthic hardpans if the competing vegetation is removed. Subsequently, soil fertility rather than effective depth regulated the permanence and growth of H. rufa on these sites. H. rufa showed flexibility in its phenological, architectural, productivity and biomass partitioning patterns in response to soil nutrient availability. Fertilization increased plant size and biomass whereas the absorbed nutrients were invested in growth and reproduction and reserves were accumulated in roots and rhizomes during the dry season. Low production of unfertilized plants induced N buildup in leaves and their vegetative growth period was longer which seemed to prevent the accumulation of sufficient reserves for sexual reproduction before the beginning of the dry season. This type of flexible response for nutrient use, plus the intrinsic high growth potential and the opportunistic use of water (Baruch et al. 1985 , Baruch and Femtidez 1993 , Baruch 1996 partially explain the success of H. rufa in the non-flooded savannas of Venezuela.
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